Background: To objectively measure changes in nuclear morphology and cell distribution following induction of apoptosis.
Background
Based on morphology, cell death can be characterized as apoptotic or necrotic or both. Apoptotic cell death conserves the organelles and cell membrane for some time whereas the nucleus undergoes early degeneration. In necrotic cell death, however, the nucleus stays relatively intact while the cell membrane and organelles show early degeneration [1] . Typically, cap-shaped chromatin margination is one of the first signs of apoptosis [2, 3] .
Cytosol condensation, pyknosis and cell membrane blebbing may also be seen. The nucleus then develops several electron dense micronuclei, which are often released to the extracellular space. Finally, the cells split into numerous apoptotic bodies. In vitro, apoptotic cells undergo a late phase of necrosis characterized by early cell membrane damage [4, 5] . However, pyknotic and fragmented cell nuclei are not common in necrosis.
Due to the characteristic changes in nuclear morphology during apoptosis, morphological features can be used as indicators of activation of programmed cell death. A low nuclear area factor (NAF), which was originally defined as the area of the nucleus multiplied by roundness [6] , has been reported as an early sign of cell death [6] [7] [8] . Some of the latter studies employed Image Pro Plus software to allocate scores based on NAF character; a completely round cell nucleus scores 1 and less round nuclei score above 1. ImageJ software, developed by National Institutes of Health (NIH), does not calculate roundness, but instead computes form factor (in ImageJ termed 'circularity'). Using form factor, a perfect circle scores 1 and less circular structures score between 0 and 1. Therefore, to obtain NAF with ImageJ, the nuclear area can be divided by its form factor [7] . However, some groups have calculated NAF by multiplying the nuclear area by form factor [8, 9] . Nonetheless, both ways of calculating NAF have been shown to be significantly correlated with cell death. Which of these two definitions of NAF is optimal has not been reported, however. In addition, these studies did not compare the expression of apoptosis-related proteins in each cell with nuclear morphology, but rather compared average nuclei measurements in apoptosis-induced cultures with that of healthy control cultures. Comparing individual cell morphology with apoptotic phenotype could be a sensitive method to identify key morphological characteristics.
As apoptosis affects cell morphology, the spatial relationship between the cells may be altered in cultures with a higher number of apoptotic cells. Using nearest neighbor analysis, the distance from each individual cell to its nearest neighboring cell is measured to calculate an R-value [10] . An R-value of 0 denotes a completely clustered growth pattern, whereas cultures with completely random spacing between cells are given a value of 1. Given the theoretical scenario of perfectly even spacing between cells, where cells are distributed in a hexagonal pattern, the R-value becomes 2.15. However, the use of nearest neighbor analysis to investigate whether apoptotic cell cultures show specific cell distribution patterns has not been undertaken.
In the present study we investigated the association between objective changes in nuclear morphology and cell distribution following induction of caspase-3 in apoptotic cells. We found that morphological features associated with caspase-3 activation could be objectively quantified. A novel morphological indicator, defined as the circumference of the nucleus divided by form factor, demonstrated the strongest correlation with caspase-3 expression.
Methods

Cell culture media and reagents
Cells from the adult RPE cell line ARPE-19 were obtained from the American Type Culture Collection (ATCC) (Manassas, VA). Dulbecco's Modified Eagle's Medium (DMEM): Nutrient Mixture F12, fetal bovine serum (FBS), bovine serum albumin (BSA), trypsin-EDTA, phosphate-buffered saline (PBS), Triton X-100, penicillin, streptomycin, and 4′, 6-diamidino-2-phenylindole (DAPI) were provided by Sigma-Aldrich (St. Louis, MO). Nunclon Δ-surface multidishes, pipettes, and other routine plastics were supplied by VWR International (West Chester, PA). Staurosporine and the primary rabbit anti-cleaved caspase-3 (Asp 175) antibody were obtained from Cell Signaling Technology (Danvers, MA). The Cy3conjugated goat anti-rabbit IgG secondary antibody was purchased from Abcam (Cambridge, UK).
Cell culture
Adult human retinal pigment epithelial (ARPE-19) cells were routinely cultured in 95% air and 5% CO2 at 37°C in DMEM/F12 medium containing 10% FBS, 50 units/mL penicillin, and 50 g/mL streptomycin. The cells were seeded (5000 cells/cm2) on Nunclon Δ-surface multidishes. The culture medium was changed on the second day, and confluent cultures were obtained on the third day.
Immunocytochemistry
Cells were cultured in 24-well multidishes as described above. Samples were subsequently prepared for immunocytochemical characterization by 15 minutes of methanol fixation at room temperature followed by 30 minutes of permeabilization and blocking in PBS containing 1% BSA and 0.2% Triton X-100. Anti-cleaved caspase-3 (1:400) antibody was diluted in blocking solution (PBS with 1% BSA). The primary antibody was omitted from the negative controls. Samples were incubated overnight at 4°C. Goat anti-rabbit Cy3-conjugated secondary antibody (diluted 1:10,000 in blocking solution) was added for one hour at room temperature. Specimens were washed for 5 minutes three times in PBS, with the addition of 1 μg/mL DAPI during the last wash for cell nuclei staining. To induce caspase-3 expression cells were incubated with 1 μM staurosporine for 24 hours (n = 5). Control cultures were incubated for 24 hours without staurosporine (n = 3).
The specimens were studied using a Nikon Eclipse Ti fluorescence microscope and photographed at × 200 magnification with a DS-Qi1 black-and-white camera. Photomicrographs were captured at predetermined positions in each culture using a motorized microscope stage. The exposure length and gain were maintained at a constant level for all samples, and the Cy3-fluorescence brightness of the secondary antibody was within the dynamic range of the camera.
Analyses of cell nuclear morphology and distribution with imageJ
A macro was developed for automatic assessment of nuclear morphology with ImageJ ver. 1.45r (National Institutes of Health, Bethesda, MD). In brief, for nuclear morphology measurements, 16-bit photomicrographs of DAPI-stained nuclei were converted to 8-bit images before being autothresholded to binary photos using the default method of the "Make Binary" function in ImageJ. Touching cell nuclei were separated by the "Watershed" function and small fragments of nuclei were discarded on the basis of area by the "Analyze Particle" function. The latter function also provided other morphological parameters, including nuclear area, circumference and form factor.
By comparing the total number of cell nuclei obtained with and without the use of "Watershed", an estimate of range was computed for the association percentage between cell nuclei. The lower end of the range was calculated by the following formula: (total number of cell nuclei obtained with "Watershed"total number of cell nuclei obtained without "Watershed" + 1)/total number of cell nuclei obtained with "Watershed" ×100%; whereas the higher end of the range was computed as follows: (total number of cell nuclei obtained with "Watershed"total number of cell nuclei obtained without "Watershed") × 2/total number of cell nuclei obtained with "Watershed" ×100%. The rationale for using this formula was as follows: If the number of cell nuclei obtained with "Watershed" decreased by ten for example compared to without using "Watershed", then the number of associated nuclei could be anywhere from 11 to 20 depending on whether omitting "Watershed" resulted in failure to separate 11 nuclei associated in a cluster or 20 nuclei associated as ten pairs.
In addition, we employed a "Nearest Neighbor Distance"plugin [11] to measure the distance between each cell nucleus and its nearest nucleus (Nearest Neighbor Distance; NND). Using the binary images of DAPI-stained nuclei, this plugin calculated the distance between the centroid of each nucleus and the centroid of its nearest neighboring nucleus. The centroid of a single cell nucleus was defined as the average of the x and y coordinates of all of the pixels in the nucleus. Nearest neighbor analysis was then performed to assess patterns of cell distribution in the cultures [10] . Using this analysis, cell distribution (or cell spacing) was characterized as clustered (R = 0), random (R = 1) or even (hexagonal) (R = 2.15).
Finally, the area percentage with DAPI-stained cell nuclei (volume fraction [Vv]) in each of the binary images was calculated and compared with the mean NND of the same image.
Caspase-3 expression quantification using imageJ
For caspase-3 quantification, an ImageJ macro was developed to measure the expression in each cell. In brief, areas around each nucleus were automatically selected in the binary DAPI-stained images. The selections were transferred to the 16-bit caspase-3-stained photomicrographs using the "Add to Manager"-function. As these selections only encircle the nuclei and not the cytosol where the caspase-3 protein is found, each selection was enlarged to enclose the cytosol by the "Enlarge"-function. Thereafter, the fluorescence intensity of caspase-3 in each cell body was measured independently. By using this method we were able to correlate the nuclear morphology measurements and the caspase-3 expression measurements within each cell.
Statistical analysis
Student's t-test and Pearson's correlation coefficient were used for statistical analyses (SPSS ver. 19.0). Nearest neighbor analysis was performed to assess cell nuclei distribution. P-values below 0.05 were considered significant.
Results
Induction of caspase-3 after staurosporine-incubation
Staurosporine was used to induce apoptosis through caspase-3 expression ( Figure 1B ). Control cells that had not been incubated in staurosporine were essentially caspase-3 negative ( Figure 1A ). Caspase-3 expression in staurosporine-incubated cells increased by 471% ± 182% compared to control cells (P = 0.014) ( Figure 2 ). Hence, staurosporine was effective in inducing apoptosis.
Nuclear morphology analyses of staurosporine-incubated cells
To quantify the morphological changes in cell nuclei upon staurosporine incubation, cell nuclei were counterstained with DAPI and nuclear morphology was assessed with ImageJ ( Figure 3 ). Relative to the control, stauro sporine-incubated cultures had a lower average nuclear area (68% ± 5%; P < 0.001) and nuclear circumference (78% ± 3%; P < 0.001). Compared to the control (0.76 ± 0.01), nuclear form factor increased in the staurosporineexposed cultures (0.84 ± 0.01; P < 0.001) ( Figure 4 ).
Nearest neighbor analysis of staurosporine-incubated cells
By comparing the total number of cell nuclei obtained by ImageJ with and without the use of "Watershed", the percentage of cell nuclei that were associated with at least one other nucleus was estimated to range between 16% and 32%.
Cell distribution in the cultures following stauros porine-incubation were investigated by employing nearest neighbor analysis [10] . With this analysis, a completely clustered cell distribution is given a value (R) of 0, a random cell distribution receives a value of 1, and a completely even (hexagonal) distribution of cells is 2.15. The R-values of the staurosporine-group (R = 1.12 ± 0.04) and the control (R = 1.28 ± 0.03) were significantly higher than 1, indicating that under both conditions cells were not completely randomly spaced ( Figure 5 ). However, the staurosporine-incubated group had a significantly lower R-value compared to control (P = 0.002), demonstrating that activation of apoptosis is associated with more uneven cell spacing.
To assess whether the Vv of cell nuclei was related to the NND, the percentage of each image covered by cell nuclei was compared with the mean NND. There was no significant correlation between Vv and NND (r = -0.633; P = 0.092).
Correlation of nuclear morphology and caspase-3 expression
The caspase-3 expression of each individual cell was quantified and compared with the measurements of nuclear morphology to explore whether nuclear shape is correlated with apoptosis ( Figure 6 ). Caspase-3 expression of each individual cell was found to be significantly correlated with the following morphological indicators; circumference of the nucleus divided by form factor (r = -0.475; P < 0.001), NAF (nuclear area divided by form factor) (r = -0.470; P < 0.001), nuclear circumference (r = -0.469; P < 0.001), nuclear area (r = -0.445; P < 0.001), nuclear form factor (r = 0.410; P < 0.001) and the product of nuclear area and form factor (r = -0.377; P < 0.001) (Figure 7) . These results show that nuclear morphology is correlated with apoptosis. The strongest correlation was between apoptosis and the circumference of the nucleus divided by form factor.
Discussion
In the present study we investigated the association between objective changes in nuclear morphology and cell distribution following induction of caspase-3 in apoptotic cells. We found that caspase-3-positive apoptotic cells show morphological features that can be objectively quantified. A novel morphological indicator, defined as the nuclear circumference divided by form factor, demonstrated the strongest correlation with caspase-3 expression.
Age-related macular degeneration (AMD) is a major cause of blindness in the developed world resulting from a diseased retinal pigment epithelium (RPE) [12] . For the majority of AMD patients (85%), no effective treatment alternative exists. Replacement of the RPE monolayer, however, has been proposed as a future therapy for this group [13] [14] [15] . The belief that RPE transplantation holds promise as having therapeutic benefit in the treatment of AMD builds on several studies reporting improved visual function following the restoration of the sub-retinal compartment [13] . Methods for RPE cell replacement include injection of RPE cell suspensions and transplantation of intact RPE cell sheets. Though progress has been made to improve these techniques, the production of RPE transplants is still at an experimental stage. A method for assessing quality of the transplants prior to transplantation would aid in the development of RPE replacement techniques. Quality assessment of transplants pre-operatively can be performed invasively or non-invasively. Invasive techniques may include harvesting and processing of small biopsies from the transplant for analyses of gene and protein content. Although these are powerful techniques, they risk damaging the transplant and necessitate a larger transplant due to loss of tissue during biopsy harvesting. Non-invasive techniques for quality assessment include various microscopy analyses, such as light microscopy and in vivo confocal microscopy (IVCM). The latter has lately been widely employed within the field of ophthalmology, aiding in the identification of putative corneal epithelial stem cell niches embedded in the ocular surface [16] , keratinized surface epithelia in patients suffering from dry eye disease [17] and in the quantification of corneal endothelium density as part of quality control of corneal transplants [18] . Contrary to invasive techniques involving removal of the analyzed tissue, non-invasive image-based techniques for assessing quality of RPE cell sheets prior to transplantation would allow direct comparison of transplants pre-and post-operatively. As we did not use a non-invasive technique for obtaining images of the cell nuclei in the cultured cell sheets, the current study is a preliminary step towards the development of a method to detect apoptotic cells in RPE transplants based on cytometric measurements. Assessing cell death in RPE transplants prior to surgery could likely aid in quality selection and improve transplantation outcome.
Digital pathology has developed rapidly in recent years. Objective quantification of cell-and tissue-based measures offers the prospect of reducing bias due to subjective interpretation and help meet pathologist workload demand [19] . There are, however, several challenges with objective image quantification that need to be addressed, including image artifacts, such as blurred regions or chromatic aberrations, and batch-to-batch differences [20] . Techniques have been developed for describing images based on pixel, object, and semantic features [20] . Pixel- Figure 3 ImageJ analyses of nuclear morphology. To quantify the morphological changes in cell nuclei upon staurosporine incubation, cell nuclei were counterstained with DAPI and nuclear morphology was assessed with ImageJ. Photomicrographs (16-bit) of DAPI stained nuclei of control cells (A) were converted to 8-bit images, then auto-thresholded by the "Make Binary" function, using the default method. Touching nuclei were then separated with the " Watershed" function (B) . Thereafter, the "Analyze Particles" function was used to analyze nuclear morphology (C). Photomicrographs of staurosporine-incubated cells were processed identically (D-F). ImageJ excluded nuclei residing on the edge of the image through the "Exclude on Edges" function and small nuclear fragments were omitted from the measurements by adjusting the particle area range for the analysis. Original magnification: ×200. Photomicrographs are representative of three (A) and five (B) samples.
based image analysis derives information from features such as texture (e.g. sharpness, contrast) and color. The latter has been used to classify breast tumors through data reduction based on diffusion maps [19] . Object-level features encompass higher order features including cellular structures (e.g. nuclei, cytoplasm). Object-level information can be obtained through image segmentation. Semantic level features build on lower level features and make use of preprocessing methods, such as the bag-of-features method [21] . The latter can also include machine-learning technology. Digital pathological techniques are increasingly employed for objective assessment of whole-slide image, the latter of which is gradually becoming common clinical practice [20] .
In our study, staurosporine-incubated cells differed significantly from control cells with regards to their smaller nuclear area and circumference and their higher form factor. Similar results have been reported with several other cell types [6] [7] [8] [9] 22] . The decrease in cell nuclei due to DNA loss and the increase in form factor upon initiation of apoptosis form the rationale for using NAF as a morphological indicator of apoptosis.
Both the staurosporine-exposed cultures and the control cultures exhibited a relatively even cell distribution (non-clustered and non-random) in the current study. However, the staurosporine-exposed cultures presented less even cell spacing. Our results are partly in line with a previous study in which blood-derived Jurkat cells temporarily clustered upon initiation of apoptosis [22] . However, the authors did not employ nearest neighbor analysis, but demonstrated cell clustering in photomicrographs. The lack of obvious cell clustering upon apoptosis in the current study may have been due to our use of adherent cells. One third to one sixth of the cell nuclei in our study were co-associated. These numbers are only approximate, however, as they are derived from comparing cell counts with and without the "Watershed" algorithm. Applying "Watershed" in ImageJ could, in theory, inadvertently either 1) removed some cell nuclei Figure 4 Nuclear morphology analyses of staurosporine-incubated cells. Bar charts demonstrate the effects of staurosporine-incubation on nuclear morphology. Relative to the control, staurosporine-incubated cultures showed a decrease in average nuclear area (A) and nuclear circumference (B). Nuclear form factor, on the other hand, was increased in the staurosporine-exposed cultures compared to control (C). Error bars represent standard deviation. by separating them into small fragments that were excluded from the cell count on the basis of area; or 2) increased the number of cells by dividing large single cell nuclei into two or more fragments that were included in the cell count as separate cells. The NND, which was quantified to assess cell nuclei distribution, was defined as the distance between the centroid of each individual nucleus and its closest neighboring nucleus. From this it follows that the NND of associated nuclei would be approximately equal to the sum of the radii of the two nuclei. Thus, this may have affected the computation of cell nuclei distribution, giving a tendency for a somewhat larger NND with larger nuclei.
The use of immunocytochemistry allows for the comparison of protein expression and morphology in single cells. In addition, by employing quantitative immunofluorescence the relative protein expression can be objectively measured.
In the current study, we compared single cell caspase-3 expression with the same cell's morphology measurements. This allowed a more sensitive analysis of the relationship between cell morphology and phenotype than merely comparing the mean phenotype of entire cell cultures/samples [7] [8] [9] 22] . Using this method, we found that caspase-3 expression in apoptotic cells showed the highest correlation with a morphologic indicator defined as the nuclear circumference divided by form factor. We also found that the NAF, when computed by its original formula [6] : nuclear area divided by form factor, had greater correlation with caspase-3 expression than when calculating the NAF by the formula: nuclear area multiplied by form factor. In fact, the morphological indicators nuclear circumference, area and form factor alone had greater correlation with caspase-3 expression than nuclear area multiplied by form factor.
We used DAPI as nuclear stain in the current study due to its simple staining protocol, high specificity and availability for quantitative analyses [23] . DAPI can be used with live and fixed cells [23] , and its fluorescence increases 20-fold upon binding to DNA [24] . However, a possible disadvantage of using DAPI is the increase in glare from intensely bright DAPI-stained nuclei. Glare can affect nuclear measures and must be taken into consideration when interpreting the results in the current study. Techniques for avoiding bias due to glare have been described elsewhere [25] . Feulgen stain is considered the gold standard for DNA image cytometry [26] . It has been widely used for objective DNA quantification as the amount of stain seen in the nucleus directly correlates with DNA content [27] . However, the staining protocol is comparatively longer and is more laborious compared to using DAPI. The latter has been shown to yield reliable measurements of staining intensity and nuclear area size [28] . Moreover, DAPI gives similar results as the conventional Feulgen staining [28] , making DAPI a good candidate for use in cytometric analyses. In this study, we performed both random and stratified sampling [29, 30] . The former was used when 8-bit images were thresholded to binary images, thereby segmenting the images into figure (nuclei) and background (space between nuclei) [29] . Stratified sampling was done when measuring fluorescence intensity of the Cy3-conjugated caspase-3 antibody in the vicinity of each cell nucleus. For closely associated nuclei, we cannot fully exclude the possibility of biased measurements of caspase-3 expression due to overlapping cells. However, this should not have affected the results significantly, as we mainly used monolayer cultures. We employed the default method defined in ImageJ for auto-thresholding each photomicrograph to create binary images. There are, however, at least 16 different thresholding algorithms available in ImageJ, the use of which may have given different results.
Conclusion
We conclude that caspase-3 positive apoptotic cells demonstrate morphological features that can be objectively quantified using freely available ImageJ software. A novel morphological indicator, defined as the circumference of the nuclei divided by form factor, demonstrated the strongest correlation with caspase-3 expression. Objective comparison of individual cell phenotype and morphology using ImageJ as presented in the current study can potentially contribute to the development of defined morphological indicators of activation of certain cellular pathways.
